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The Australasian Anopheles annulipes complex contains at least ten sibling species, some of which are important
vectors ormyxomatosis in rabbits. We aimed to establish how many species occurred among specimens from 61 sites
throughout Australia, scored for 32 putative allozyme loci. We compared the number or species predicted from tree­
based clustering or operational taxonomic units (OTUs) with that from a novel model-based Bayesian clustering
approach ror individual genotypes. We rejected the hypothesis of conspecificity of OTUs if they differed by at least
20% fixed differences and 0.300 Nei's standard genetic distance D. According to these criteria, 18-25 species occur,
making this the most species-rich anopheline complex known to date. A conservative estimate from the Bayesian
analysis was 15-20 species. There was large overlap in the assignment of individuals to clusters inferred from the
Bayesian and tree-based analyses. The genetic clustering ofnorlhern and southern distributed species and an appar­
ent cline in alleles of the enzyme glucose phosphate isomerase suggest that a latitude-dependent factor, such as tem­
perature, may have played a role in speciation and the subsequent distribution ofspecies. Ecological niche modelling
of clusters predicted that none occur in New Guinea, emphasizing that additional, as yet unsampled, species may
occur. © 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 523-539.

ADDITIONAL KEYWORDS: Australia - Bayesian - cline - ecological niche modelling - mosquito - myxoma­
tosis - sibling species - species radiation.

INTRODUCTION

Anopheles annulipes s.l. Walker (subgenus Cellia,
Neomyzomyia series) is the most ubiquitous
anopheline in Australia and also occurs in New
Guinea (Lee et al., 1987). Anopheles annulipes s.l. has
been implicated in past malaria outbreaks in Austra­
lia (Black, 1972), is the most important vector of
myxomatosis in many areas of Australia (Fenner &
Ratcliffe. 1965; Parer & Korn, 1989), and a number of
other arboviruses have been recovered from this taxon
(Russell. 1995). This taxon exhibits extensive mor­
phological variation that has resulted in various
taxonomic interpretations; five names have been syn-

*Corresponding author. E-mail: foleydes@si.edu

onymized under An. annulipes (Anopheles musivus
Skuse, Anopheles mastersi Skuse, Anopheles perplexus
Taylor, An. perplexus var. persimilis Taylor, and
Anopheles derricki Taylor). Cross-mating evidence
and polytene chromosomal typing suggest that
An. annulipes s.l. is composed of at least ten sibling
species, seven of which were given the letter designa­
tions A to G (Booth & Bryan, 1986). At least two of
these chromosomal types (sp. A and sp. G) do not inter­
breed in nature (confirming their status as biological
species) and have different ecologies (Bryan et al.,
1991; Foley & Bryan, 1991a, b; Foley. Barnes & Bryan.
1992). A phylogeny of Australasian anophelines,
including four species of the An. annulipes complex,
based on sequences of the cytochrome oxidase subunit
II gene, suggests that the An. annulipes complex is
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524 D. H. FOLEY ET AL.

monophyletic (Foley et ai., 1998). The delineation of
species boundaries is fundamental to any further
study of this taxon, and past studies will have to be
reassessed in the light of its multispecies status.

Detection of mixtures of species of sexually repro­
ducing organisms in sympatry is possible through the
observation of fixed differences in codominant geno­
types, which indicate assortative mating. According
to the phenetic approach, a predetermined value for
inter- and intraspecific genetic distance is applied to
genetic distances between operational taxonomic
units (OTUs) from allopatric sites to determine the
number of putative species. Various clustering
approaches for OTUs are available, including tree­
based methods such as the unweighted pair group
method of analysis (UPGMA) and Neighbour-joining
(NJ) (Saitou & Nei, 1987).

By contrast, a Bayesian approach, as implemented
in the program STRUCTURE 2.0 (Pritchard,
Stephens & Donnelly, 2000), analyses individual gen­
otypes, by estimating the likelihood of an individual's
membership among each of a predefined number of
clusters (lD. Ideally, estimates of the posterior proba"
bility, In(1O (Evanno, Ragnaut & Coudet, 2005), pla­
teaus with increasing K once the real number of
groups is reached (Pritchard & Wen, 2003). When this
occurs, the K that matches the real number of groups
is often the lowest of the likelihood scores in the pla­
teau (Pritchard & Wen, 2003). STRUCTURE normally
has been applied to questions ofintraspecific structure
(Rosenberg et al., 2001) but D. H. Foley (unpubI. data)
showed that this approach successfully identified the
correct number of species among a group of simulated
genotype data, and actual allozyme data for ten spe­
cies of the An. punctuiatus complex (Foley, Cooper &
Bryan, 1995). This Bayesian approach shows promise
as a new method for determining the number of spe­
cies among a group of genotypes.

We collected allozyme data for An. annuiipes s.l.
from locations around Australia to estimate the
number of species using the model-based Bayesian
approach and the tree-based UPGMA and NJ cluster­
ing methods. The results obtained suggest that far
more species occur in the An. annulipes complex than
was previously suspected.

MATERIAL AND METHODS

MOSQUITO COLLECTIONS AND IDENTIFICATION

Mosquitoes were collected between the early 1980s to
the mid-I990s, either as larvae that were reared to
adults or as adults from CO2-baited light traps or from
human landing catches (Table 1). Adult females were
identified as An. anmdipes s.l. using the morphologi­
cal keys of Lee et al. (l987), and specimens were

stored at -80 ac. Specimens identified on their chro­
mosomes as An. annulipes sp. A and sp. G were
included from Mildura, Victoria (VIC) and Griffith,
New South Wales (NSW), respectively. Specimens
from Homebush, Termeil State Forest, and Lord Howe
Island, NSW were identified on chromosomes as sp.
C. Chromosomally-typed specimens from Mataranka,
Northern Territory (NT), from the study of Booth &
Bryan (l986), were also included.

ALLOZ)'ME ELECTROPHORESIS

Cellulose acetate (CA) allozyme electrophoresis was
carried out as described previously (Foley et al., 1993;
Foley, Meek & Bryan, 1994). Specimens of Anopheles
farauti Laveran (= An. farauti No.1), Anopheles hine­
sorum Schmidt (= An. farauti No.2), and Anopheles
torresiensis Schmidt (= An. farauti No.3) from colo­
nies that were maintained at the Army Malaria
Research Unit, Ingleburn, NSW, Australia were used
as controls for band migration distance. Loci of the
lowest anodic mobility in a zymogram were numbered
'I' and the slowest allelomorphs were designated 'a'.

The 24 allozymes used in this study were aconitate
hydratase (ACON, EC no. 4.2.1.3), acid phosphatase
(ACP, EC no. 3.1.3.2), adenylate kinase (AK, EC no.
2.7.4.3), ex-amylase (cxAMY, EC no. 3.2.1.1), enolase
(ENOL, EC no. 4.2.1.17), fructose-l,6-diphosphatase
(FDP, EO no. 3.1.3.11), glutamate-oxaloacetate tran­
saminase (GOT, EC no. 2.6.1.1), glucose-phosphate
isomerase (GPI, EC no. 5.3.1.9), J3-hydroxybutyrate
dehydrogenase (HBDH, EC no. 1.1.1.30), J3-galactosi­
dase (~AL, EC no. 3.2.1.23), ex-glycerophosphate
dehydrogenase (exGPD, EC no. 1.1.1.8), hexokinase
(HR, EO no. 2.7.1.1), isocitric dehydrogenase (IDH,
EC no. 1.1.1.42), lactate dehydrogenase (LDH, EC no.
1.1.1.27), malate dehydrogenase (MOH, EC no.
1.1.1.37), malic enzyme (ME, EC no. 1.1.1.40),
mannose-6-phosphate isomerase (MPI, EC no.
5.3.1.8), octanol dehydrogenase (ODH, EC no.
1.1.1.73), peptidase B (PEPB, EC no. 3.4.13.9), pepti­
dase D (PEPD, EO no. 3.4.13.9), phosphoglucomutase
(PGM, EC no. 2.7.5.1), 6-phosphogluconate (6PGD, EC
no. 1.1.1.44), pyruvate kinase (PI{, EC no. 2.7.1.40)
and L-threonine 3-dehydrogenase (THDH, EC no.
1.1.1.103). Hexokinase exhibited three zones of activ­
ity and it was assumed that each band was controlled
by a separate locus.

TREE-BASED ANALYSIS

Allozyme data from each collection site were inspected
for groups ()f individuals that differed by more than
one fixed allelic difference. This pattern indicates
assortative mating and the presence of two or more
OTUs, especially when multiple samples of each

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 523-539



@ Table 1. Collection details for an aIlozyme study of 366 Anopheles annulipes s.l. in Australia
t.:l
0
0
'"'l Number Locality name* Longitude Latitude OTU (N) 15% Cluster Kl5fj1 K20 K25
"'i
:r.,
C 1 Basalt R.t 145°46'E 19°37'8 33(2),34,35(2),36 6,17 4,9 5,12 1,19
:s 2 Cairns region (site A}t 145°34'E 16°53'8 1(2),2,3(5) 1,7,20 7,8,? 1,2,? 3,4,20,?Cl
(l)

3 Cairns region (site B)t 145°33'E 16°58'8 4,5(2) 19,20 8 2 20f:l
en 4 Cairns region (site C)t 145°29'E 17°18'8 6 7 1 7 6
0

5 Clarke R.t 145~6'E 19°13'8 42(3),43(3),44,45(2),46 6,8,10,17 4,9,12,14 5,12,16,17 1,7,19,24n;.
~ 6 Clermontt 147°38'E 22°50'8 47(2),48(2),49{4) 10,17 4,12 12,16 19,24
0 7 Dilulut 150°16'E 23°53'8 28(3),29 17 4 12 19...
~ 8 Emerald; 148°1O'E 23°31'8 30(2),31,32 5,10,17 3,4,12 12,16,? 14,19,24
:s 9 Eidsvoldt 151°07'E 25°22'8 23(3),24,25,26,27 3,5,11 3,5,15 6,8,14 18,21,22,?P-o

10 Eungelll4 148°30'E 21°08'8 12(4) 1 7 1 16?
to 11 Horn Islandt; 142°17'E 10°35'8 14(2},15(4),16(5),17(3) 18 8 2,20,? 2,15,?
o' 12 Innot Hot 8pringst 145°14'E 17°40'8 38(2),39(2),40,41 8,10,17 4,12,14 12,16,17 7,19,24
~;:;- 13 Kennedy Creek; 144~6'E 15°43'8 7(2) 20 12 16 24
Q 14 Lake Manchestert 152°45'E 27~8'8 20(5),21,22(2} 1,4 7,15 1,8 3,18-a- 15 Point Stewart Road; 143°41'E 14°04'8 11 20 8 2 4
c::

16 Prince of Wales Is)andt 142°07'E 10°43'8 13(10) 18 8 20 2 en.,
;0 "tl
!t 17 Ravenshoe; 145~9'E 17°36'8 37 2 7 1 3 t:j

~ 18 8ilver Plains; 143°33'E 13°59'8 18(2),19(2) 12,20 8,12 2,16 4,25 0... sa::r- 19 Townsville regiont; 146°45'E 19°26'8 50(2),51(4),52,53(5), 9,13,14, 10,14 9,17 7,12,23Il> en
t'" 54(2),55(8),56(5) 15,16 ~S' 20 Yungaburrat .145°35'E 17°16'8 8(6),9,10 12 8 2 4 -
~

C':)

21 Bateman's Bay; 1500 15'E 35°44'8 77,78,79 21,28 13,15 13,? 13,? ::c
;0 z
W

22 Condobolin:j: 147°09'E 33°05'8 69(3) 26 3 14 22 t:.l
23 Conjolat 150026'E 35°13'8 57(4),58 28 13 11 9 en... enIl>

~ 24 Dunoont 153°19'E 28°41'8 60,61(2),62,80, 21,24,30, 7,15,? 1,8,13,? 3,13,16,18 0
~ 81(3),82 33,34 "%j

0 25 Forbes; 148°01'E 33°23'8 73(5) 26 3 14 22
...,

;oJ ::r:
= 26 Grafton (26 km south east)t 152°58'E 29°50'8 66(2) 25 7 1 3 t:.l
~ 27 Griffith; 146°02'E 34°17'8 86 22 2 19 8

~c.n
t.:l 28 Hanwood:j: 146°02'E 34~0'8 67(5) 22 2 19 8Ci) ZI 29 Homebush 151°05'E 33°52'8 63(4) 29 13 11 9 c::c.n
Ci) 30 Lake Cargelligo+ 146°22'E 33°18'8 68(5) 26 3 14 22 ~=

31 Lord Howe Islandt 159°05'E 31°33'S 76(4) 29 13 11 9 "tl
t:.l

32 McCarrs Creekt 151°16'E 33°40'8 83(8) 34 6,15 8,18 10,18 en
33 Menidee+ 142025'E 32~4'8 72(5) 26 3 14 22 0

034 Mittagongt 150~7'E 34027'8 75(5) 34 15 8 18 :s::
35 Tenterfield (Reedy Creek)t 151°50'E 29°09'8 64,65(3) 23,33 9,15 5,8 1,18 "tl
36 Termeil 8tate Forest; 150~2'E 35°26'8 84(5) 28 13 11 9 ~
37 Walgettt 148°07'E 30°01'8 70(2),71 22,26 2,3 14,19 8,22 :><
38 Warren; 147°50'E 31°42'8 74(S} 26 3 14 22
39 Woronorat 151°02'E 34°02'8 59(6) 33 15 8 18 01

I.\.:l
01



01

Table 1. Continued
l\:l
en

Number Locality name* Longitude Latitude oro (N) 15% Cluster K15'11 K20 K25 !='
;:t:

40 Billiluna 127°40'E 19°33'S 127(3),128(2),129, 41,42,45 1,5,? 6,7,? 4,6,21,25,? ':j

(91K51I5·6, 91K52I3):!: 130,135(5) 0
t"'

41 Broome (91 WEEK39>t. 122°14'E 17°58'S 106107 40,41 I,? 7,? 6,21 ~
42 Busselton (BSN37-39):j: 115°21'E 33°39'S 118(2),119(2),120, 35,36, 1,3,? 3,7,10.? 6,15,17,?

~

e> 131,132(5) 38,41 ""3
~ 43 Capel Shire:j: 115°33'E 33°33'S 109(3),110<3),111(3), 35,36, 3 3,10,14,? 15,17,22,? ~0
0 (BSN49,60-64,67,80,81) 112(2),113,114,115, 37,39...:I

'"3 116,117,121(2),122,::r
~ 133(2),134<3),138(5)t"'
S' 44 Kalumburu (91K11):j: 126°38'E 14°18'S 104 47 8 2 ?
::l

45 Kununurra (10544-5):j: 128°44'E 15°46'S 108(3),136(3),137(5) 6til 41 1 7III
::l 46 Minnie R. Derby Shire:j: 123°36'E 17°47'S 105(3),123,124(2), 42,43, 5,? 6,20 2,21rn
0 (91 week 23-25) 125 126 44,45n
i'D' 47 Alice Springs 134°26'E 24°to'S 88(6),89(5) 35,47 3,8,? 9,15,20,? 11,14
~
0 (ll Parpa Swamp):j:...

48 Berry Springs:!: 1300 58'E 12°42'S 90(3),91(2) 46,47 8,11 2,4,? 5,11,20,?
~
::l 49 Darwint.§ 1300 50'E 12027'S 94,95(2),96,97,98(2), 41,46,47 1,8,11 2,4,7 5,6,20,?a.
0 99,100,101,102,103P
b:l 50 Jim Jim Creek§ 133°05'E 13°05'S 92(2),93(6) 46,47 8,11 2,4,? 5,20,?
~ 51 Matarankat. 133°04'E 14°56'S 87(3) 42 12 16 24
~ 52 Avon R. Shire (Woodpile):j: 147023'E 38°03'8 139(4) 28 13 11 9
[ 53 . Gunbower:j: 144022'E 35°58'S 143 26 3 14 22

~ 54 Holland landing1: 147°28'E 38°04'8 141(3) 28 13 11 9
I:: 55 Marley Point:j: 147°15'E 38°05'S 140(3) 28 13 11 9:!
:!.. 56 Meerlieu:j: 147°23'E 38°01'S 142(2) 28 13 11 9
.g, 57 Mildurat:j: 142°10'E 34°11'8 85(4) 26 3 10,14,15 14,15
S- 58 Bagdad R.:j: 147°17'E 42°42'S 149150 34 6 18 10
~

59 Devils Creekt 148°15'E 41°30'S 146,147(4),148t-o 34 6 18 10
S· 60 Glencoe Swampt 148°15'E 41°30'S 144,145(2) 31,34 6 18,? 10,?;:s
~ 61 Upper Turners Marsht 147°13'E 41<>26'8 151,152(3) 27,32 6,? 18,? 10,?Q
;:s

~ Operational taxonomic units (OTUs) are given with sample size (if greater than one) as well as geographical distribution of 47 clusters comprising OTUs that
iii'
~ differed by < 15%FD (for details, see Appendix). Assignment of individuals to K groups is given according to separate Bayesian analyses at K = 15, 20 and 25.
~ *Locations by State and Territory are: 1-20 (Queensland), 21-39 (New South Wales), 40-46 (Western Australia), 47-51 (Northern Territory), 52-57
0
0 (Victoria), 58-61 (Tasmania).,;-:l

"" tSpecimens collected as larvae.
~ :j:Specimens collected by EVS trap (BioQuip).
Q1
~ §Specimens collected by night landing catches.c.:
I 'II'?' indicates presence of at least one unassigned individual.Q1

Co)

""
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OTU occur sympatrically (Richardson, Baverstock &
Adams, 1986). If no evidence for assortative mating
was obtained then all specimens from a site were
regarded as belonging to the same OTU, unless they
differed by greater than three fixed differences, in.
which case specimens were treated conservatively, 8S

separate OTUs. The percentage ofloci for which OTUs
do not share alleles [the percentage offixed differences
(%FD) between OTUs] and Nei's standard genetic dis­
tance D, corrected for small sample size (Nei, 1978),
were calculated using the program BIGMAT (M.
Adams, unpubl. data). For samples that were not
scored for all enzymes, Nei's D and %FD were calcu­
lated from the data available. In addition to an
Australia-wide analysis, regional analyses were
performed for Queensland (QLD), NSW plus Tasma­
nia (TAS) plus VIC and Western Australia (WA) plus
NT.

Operational taxonomic units were regarded as sep­
arate species when they differed by at least 20%FD
and/or 0.300 Nei's D. These levels of genetic diver­
gence are based on those for the Australasian
An. punctulatus complex in which the upper limits of
intraspecific variation was 18%FD and 0.368 Nei's D
(Foley et al., 1993). However, this level was inflated by
one aberrant comparison (OTU 27 and 31) of the 146
intraspecific comparisons in their study (Foley et al.,
1993: table 3). Its removal reduces the level of
intraspecific variation to 0-14% and 0.007-0.267 Nei's
D. Foley et ai. (1994) found that fixed differences
within OTUs of the An. punctuiatus complex in the
Solomon Islands were never more than 12% and 0.169
Nei's D (Foley et al., 1993: table 2). Thus, the levels of
genetic divergence used in the present study for deter­
mining whether the hypothesis of conspecificity is
rejected are conservative; separate species can differ
by less than these levels and remain undetected but it
is unlikely that groups that differ by more than these
levels are conspecific.

Genetic distances were clustered using the UPGMA
and NJ algorithms in MEGA, version 3 (Kumar,
Tamura & Nei, 2004). The UPGMA assumes that the
rate of evolution has remained constant throughout
the evolutionary history of the included taxa, and thus
a rooted tree is produced. The NJ method (Saitou &
Nei, 1987) produces an unrooted tree because it does
not require the assumption of a constant rate of evo­
lution. MEGA provides an option of a linearized ver­
sion of the NJ tree, which assumes a constant rate of
evolution. The number of species was estimated by
inspection of the UPGMA and linearized NJ trees.

Alternative UPGMA trees can be produced from
the same data by different computer programs and
because ofdata input order effects (i.e. ties) (Backeljau
et al., 1996). By comparison, the NJ algorithm does
not force sister OTUs to display equal branch lengths

and tie trees are rare for this method (Takezaki, 1998).
A measure of the robustness of trees was obtained by
the program TFPGA 1.3 (Miller, 1997), which can pro­
duce Bootstrap values (l00 replicates) for UPGMA
trees based on Nei's D (Nei, 1978) corrected for small
sample size. For convenience, bootstrap values were
displayed on a tree produced in MEGA rather than
TFPGA because the latter can draw UPGMA dendro­
grams incorrectly if there are tied trees (Miller, 1997).

MODEL-BASED ANALYSIS

We ran STRUCTURE with the non-admixture model
of ancestry plus the option of uncorrelated allele fre­
quencies, and the admixture model plus the correlated
allele frequency option. The former settings are appro­
priate for very discrete populations (Pritchard & Wen,
2003). Although the non-admixture settings appear a
priori to be most appropriate for species level compar­
isons, D. H, Foley (unpubJ. data) found that the admix­
ture settings resulted in better estimates of the correct
species number. The non-admixture model assumes
the allele frequency of each population is an indepen­
dent draw from a distribution specified by A., which for
the Australia-wide analysis was estimated to be
0.4183 for K = 1 and was fixed at this level thereafter,
as recommended in the STRUCTURE manual. For the
admixture model, A. was set to one, as the manual
advises. Bum-in was set at 10 000 and Markov Chain
Monte Carlo at 50 000 for at least ten replicates up to
K = 40. In addition to an Australia-wide analysis,
regional-based analyses were performed for QLD,
NSW plus TAS plus VIC, and WA plus NT.

As the STRUCTURE algorithm sometimes con­
verges towards modes of much lower likelihood (i.e.
multimodality of Pritchard & Wen, 2003), we followed
the method for identifying and replacing outliers as
proposed by D. H. Foley (unpubl. data). Briefly, we
characterized the degree of asymmetry of the distri­
bution of replicate In(K) values around the mean for a
given K, using the Skewness function in Microsoft
Office Excel 2003 (Microsoft Corp.). Skewness values
less than -1 were identified and the lowest In(K) val­
ues removed until skewness was greater than -1. The
scatter of the points was inspected and if sharply
defined multiple modes were present, the lower prob­
ability points were removed. We calculated the ad hoc
quantity (MO (Evanno, Regnaut & Coudet, 2005) to
assist the identification of the actual number of
groups. Evanno et al. (2005) used the height of the
modal value of I::J( as an indicator of the strength of
the signal detected by STRUCTURE.

Under admixture settings, an individual was
assigned to a cluster if its membership value for that
cluster was ~ 0.500, if the value was less than 0.500,
the individual's assignment was treated as unknown.

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007.91,523-539
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DISTRIBUTION MODELLING

The potential distribution of clusters identified by the
STRUCTURE analysis was predicted using BIOCLIM
(Nix, 1986) in DIVA-GIS 4.1. BIOCLIM attempts to
identify suitable and unsuitable areas or 'niches' in
which the organism could occur based on the climatic
and ecological features of the sampled data points. The
BIOCLIM model was implemented using the True­
False option and the WORLDCLIM 2.5-min resolution
database of 19 bioclimatic variables (i.e. annual mean
temperature, mean monthly temperature range,
isothermality, temperature seasonality, maximum
temperature of the warmest month, minimum temper­
ature of the coldest month, annual temperature range,
mean temperature of the wettest quarter, mean tem­
perature of the driest quarter, mean temperature of
the coldest quarter, mean temperature of the warmest
quarter, annual precipitation, wettest month precipi­
tation, driest month precipitation, precipitation sea­
sonality, wettest quarter mean precipitation, driest
quarter mean precipitation, coldest quarter mean pre­
cipitation, and warmest quarter precipitation).

RESULTS

A total of 366 specimens of An. annulipes s.l. from 61
sites (Table 1) were subjected to electrophoresis. Sam­
ples were scored for up to 32 putative allozyme loci
(i.e. Aeon-I, Acon-2, Acp, Ak-2, aAmy, Enol, Fdp-2,
f3Gal-I, f3Gal-2, Got-I, Got-2, aGpd, 6-Gpd, Gpi, Hbdh,
Hk-I, Hk·2, Hk-3, ldh-I, Idh-2, Ldh, Mdh-I, Me-I,
Mpi-2, Odh, PepB-l, PepB-2, PepD·I, PepD·2, Pgm,
Pk, and Thdh) containing up to nine alleles. Individ­
uals of An. annulipes s.l. sorted into 152 OTUs
(Table 1) and the genetic profile of groups of OTUs
that differed by less than 15%FD are shown in the
Appendix.

Outgroups comprising other species within the
subgenus Cellia from Australia (Le. An. farauti,
An. torresiensis, An. hinesorum, Anopheles amictus
Edwards, Anopheles hilli Woodhill & Lee, Anopheles
meraukensis Venhuis, Anopheles novaguinensis Ven­
huis) formed a cluster separate to An. annulipes s.l.
(data not shown). This suggests that An. annulipes s.l.
is monophyletic and confirms that specimens were cor­
rectly assigned to this taxon. Figure 1 shows the NJ
tree of %FD. The UPGMA of Nei's D (Fig. 2) resulted
in three tied trees and all of the 100 bootstrap trees
resulted in tied trees. Misleading results are likely
when tied trees exist and when a high proportion of
bootstrap replicates result in the formation of tied
trees (Backeljau et al., 1996). The presence of tied
trees and the observation that most branches had low
bootstrap support (Fig.2) indicates that alternate
topologies exist to the topology of the tree shown here.

STRUCTURE ANALYSIS

Only 28 loci were included in the STRUCTURE analysis
of Australia-wide data; Got-I, Hk-l, Hk-2, and Hk·3
were excluded because ofa lack of variability. The out­
put for the admixture and non-admixture settings is
given in Figure 3. The strongest peaks in M( for the
admixture model were for K = 2, followed by K =4,
K = 7 and then K = 20. Mean !n(K> starts to plateau
between K =15-20, which suggests that any structure
identified by LV( below this level is spurious or due to
supraspecific structure. Maximum In(K) was between
K = 20-25, with the lowest maximum In(K) (Le. high­
est probability) score for the entire admixture model­
ling at K = 25. High variation in In(K) beyond K =25,
even with outlying low likelihood scores removed,
makes it difficult to discern the extent of the plateau.
The strongest peak in LV( for the non-admixture model
was for K =2 followed by K = 7, and then K = 12. Mean
and maximum In(K) did not plateau but continued to
increase up to K = 40, the highest K analysed. D. H.
Foley (unpubl. data) found that the admixture settings
resulted in a stronger species signal (e.g. height ofM(),
and the lack ofa plateau for non-admixture settings in
the present study confirms that the admixture set­
tings are more appropriate for complex allozyme data
sets.

The distribution of clusters among the sample sites
for K = 15, 20 and 25 under the admixture settings is
shown in Table 1 and Figure 4. In many locations, the
numbers of clusters did not change with increasing K;
for example, the number of clusters at Clark River
remained at 4 regardless ofincreasing K from 15 to 25
(Table 1). In other cases, the number of clusters
increased or (more rarely) decreased with increasing
K. The results from the STRUCTURE analysis for
K = 15-25 indicated that most (> 94%) OTUs were
assigned to one or other cluster but that the numbers
that were split among different cluster were slightly
higher for non-admixture than admixture settings.
The number ofspecimens that could not be assigned to
clusters increased with K (for K = 15, 20 and 25) and
was greater for admixture (N = 8, 17, 17) than non­
admixture (N =5, 11, 7) settings.

NUMBER OF SPECIES
Table 2 shows the number of species estimated from
the tree-based analyses using the 20%FD and 0.300
Nei's D levels for rejection of conspecificity. The num­
ber of species is in the range 18-25 for the Australia­
wide analyses. The Nei's D intraspecific threshold
resulted in a more conservative estimate of species
than did the %FD threshold. The NJ algorithm was
more conservative than UPGMA, especially for %FD.

The numbers of clusters that occur in geographical
regions within Australia are also shown in Table 2
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Figure 1. Neighbour-joining tree of percent fixed differences (%FD> for allozymes of 152 operational taxonomic units
(OTUs) of Anopheles annulipes s.l. For OTU information, see Table 1.

Table 2. Number of species within Anopheles annulipes s.l. estimated to occur according to Bayesian and tree-based
clustering analysis of allozyme data

Bayesian UPGMA* NJt
-

Geographic distribution Total K15 K20 K25 %FD Nei'sD %FD Nei'sD

WA+NT 7-11 (6) (11) (13) 9 (10) 7 (9) 8 (0) 8 (9)

NSW + TAS + VIC 9 (7) (9) (11) 9 (10) 8 (9) 7 (0) 6 (9)

QLD 10 (ll) (12) (18) 14 (15) 11 (12) 12 (14) 11 (12)
Australia 15-25 15 20 25 25 18 24 18

The estimated number of species is shown for the analysis of combined data (Australia) and for analysis of data from
different geographical regions. The geographical distribution of species number according to the results of the Australia­
wide analysis is shown in brackets. The species number by geographical region from the Bayesian analysis is also shown
assuming 15, 20 and 25 groups (K) within Australia.
Numbers of species determined at 20%FD and 0.300 Nei's D (corrected for small sample size) according to *unweighted
pair group method of analysis (UPGMA) and tNeighbour-joining (NJ) algorithms.
WA, Western Australia; NT, Northern Territory; NSW, New South Wales; TAS, Tasmania; VIC, Victoria; QLD, Queensland.
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Figure 2. Unweighted pair group method of analysis (UPGMA) tree of Nei's D for allozymes of 152 operational taxonomic
units (OTUs) of Anopheles annulipes s.l. Branches with thick lines indicate> 50% and thickest lines> 70% bootstrap
support (100 replicates). For OTU information, see Table 1.

according to Bayesian clustering at K = 15, 20 and 25
for the Australia-wide analysis, and for separate tree­
based analyses. Tree-based estimates of species num­
ber occurring within these geographical subregions
generally coincide with model based estimates for
K =15-20. However, the Australia-wide comparison
suggests that the number of species is higher at
K = 20-25. The reason for this discrepancy is not
known but may be attributable in part to the larger
and more complex Australia-wide data set compared
with those for subregions. Thus, a conservative esti-

mate of the number ofspecies from the STRUCTURE
analysis is 15-20. The lower number is equivalent to
25%FD and 0.310 Nei's D; higher than the intraspe­
cific threshold indicated by the An. punctulatus group
data.

DISTRIBUTION

The geographical distribution of the K =15 clusters is
shown in Figure 4 and smaller maps show the pre­
dicted distribution of individual clusters based on out-
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Figure 3. A, B, C, D, mean ± standard deviation In(/O, Maximum In(K) and t.K for 10-22 STRUCTURE runs for K"" 1­
40 for Anopheles annulipes s.l. allozyme data under admixture settings (A, B) and 10-33 runs for non-admixture settings
(C, D). The modal value of the distribution of t.K is intended to indicate the true K, or the uppermost level of structure.
K =15, 20 and 25 under admixture settings are given with outline symbol. K =2 for non-admixture run (M( "" 925) is not
shown.

put from the BlOCLIM true-false ecological niche
model. The number of input locations for some clusters
was very low and the predicted distribution is not
shown for these. For presentation purposes, clusters
whose predicted distribution was of limited geograph­
ical extent also are not shown. For example, cluster 7
was predicted to occur only in isolated points along
coastal northern NSW and southern QLD, and cluster
13 along coastal south and central NSW and eastern
VIC. Although New Guinea was included in the area
encompassed by the modelling, no clusters were pre­
dicted to occur there.

(e.g. genotype 1,2 is shown as 1.5). Only three geno­
types were hybrids of nonconsecutive mobility alle­
les and are not shown. A clear trend from slow
mobility alleles in the north to fast alleles in the
south can be seen. Individuals are shown in
Figure 5 according to their membership of K =2
clusters from the STRUCTURE analysis under admix­
ture settings. Specimens of cluster 1 are more likely
to occur in the north and have slow alleles whereas
specimens of cluster 2 are more likely in the south
and have fast alleles.

ALLOZ)'ME VARIATION

The distribution of genotypes of Gpi according to
latitude (decimal degrees south) is shown in
Figure 5. Alleles 1-4 are shown on the y-axis, in
order of mobility, with the slowest allele numbered
'1'. Hybrids of consecutive alleles also are shown

DISCUSSION

The present allozyme study attempts to determine
how many species may occur within the An. annulipes
complex by comparing tree-based approaches for clus­
tering OTUs with a model-based Bayesian approach
for clustering individual genotype data. Recently, a
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Figure 4. Map of Australia with the location of K =15 clusters identified from a STRUCTURE analysis of allozyme
genotype data for 366 Anopheles annulipes s.1. Smaller maps show the predicted distribution of a selection of individual
clusters based on output from the BIOCLIM true-false ecological niche model available in DIVA·GIS. Anopheles annulipes
sp. A = cluster 3, sp. B. = 8, sp. C = 13, sp. D = I, sp. E =15, sp. F = 7, sp. G =2, and Mataranka chromotype =12.
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Figure 5. The distribution of genotypes of Gpi of Anopheles annulipes s.1. according to latitude (decimal degrees south)
and membership of K =2 clusters from a STRUCTURE analysis carried out under admixture settings. Alleles 1-4 are
shown on the y-axis, in order of mobility, with the slowest allele numbered 'I'. Hybrids of consecutive alleles are also shown
(e.g. genotype 1,2 is shown as 1.5).

reanalysis of allozymes of the An. punctulatus group
using the Bayesian clustering approach implemented
in the program STRUCTURE successfully identified the
correct number of species, suggesting a new approach
for determining the number of species in a sample of
genotypes (D. H. Foley, unpubl. data).

Both the Bayesian and tree-based clustering
approaches indicate that the An. annulipes complex
contains more species than previously suspected.
However, the Bayesian approach may be more reliable
because the STRUCTURE algorithm was explicitly
designed to overcome the limitations of genetic dis­
tance matrix-based methods, which lose information
through collapsing genotype data for pairs of species
into single numbers (Pritchard, Stephens & Donnelly,
2000). The Bayesian approach also may give a more
accurate estimate of species number than tree­
based approaches if the evolutionary history of
An. annulipes s.l. is not well represented by a bifur­
cating tree.

For tree-based methods, the Nei's D species cut-off
values gave more conservative estimates of species
number than %FD. The frequency of tied trees and the
amount of OTU clustering inconsistency between
UPGMA and NJ trees should be higher if the algo­
rithm (especially UPGMA) is forced to display OTUs

that differ by the same amount. The average %FD
for OTUs in the Australia-wide analysis was
22.23 ± 10.85, compared to 49.3 ± 22.06 for the
An. punctulatus group calculated from the data set of
Foley et al. (1995). This difference probably reflects
the greater evolutionary divergence and accumulation
of interspecific allozyme differences within the
An. punctulatus group compared with species within
the An. annulipes complex. The narrower range of
genetic distances in the Australia-wide analysis of the
An. annulipes complex may have inflated the esti­
mates of species number compared to those from sep­
arate analyses of geographical subregions.

The present study uses a phenetic rather than a
phylogenetic approach to species delineation. We
assume that historical and contemporary gene flow
between individuals of a species will limit genetic
divergence within species compared with divergence
between most species. This species signal can be seen
most clearly in sympatric locations by observation of a
lack of hybridization indicating the presence of two or
more species. For comparison of allopatric mosquito
populations, assortative mating cannot be observed
but genetic divergence can be measured and individ­
ual genotypes clustered accordingly. All of the previ­
ously recognized sibling species of An. annulipes s.l.
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included in the present study cluster as separate
species according to the tree and model-based
approaches. Thus, we assume that the species-level
clusters that we identify represent real biological spe­
cies that will not hybridize in sympatry and have inde­
pendent evolutionary histories, and possibly marked
differences in biology and behaviour.

The present study suggests that at least 15-20 spe­
cies are represented among the specimens analysed.
Previous estimates, based on crossmatings and poly­
tene chromosome analysis of a smaller number of
specimens, suggested at least ten sibling species
(Booth & Bryan, 1986). Anopheles annulipes s.1.
appears to be the most species-rich anopheline species
complex known to date; the Anopheles gambiae com­
plex has eight species, and the Anopheles crucians,
An. rarauti and Anopheles dirus complexes each have
seven species (Harbach, 2004).

The reason that An. annulipes s.1. has undergone
such an extensive species radiation is unknown.
Latitude-dependent variation was found for the Gpi
locus of An. annulipes s.l. Populations of Colias but­
terflies with different alleles of Gpi vary in dispersal
ability and fitness according to ambient temperature
and elevation (Watt et al., 2003). Temperature in par­
ticular can influence the functioning of enzymes,
which, in the case of Pgm and the yellow dung fly Sea­
thophaga stereoral'ia (L.), may determine the outcome
ofsexual selection (Ward, Jann & Blankenhorn, 2004).
The apparent cline in Gpi for the An. annulipes
complex suggests a similar influence of temperature
on distribution. STRUCTURE analysis can detect sup­
raspecific phylogenetic groupings (D. H. Foley, unpubl.
data) and the high AK for K = 2 suggested two clades
within the An. annulipes complex. The STRUCTURE
analysis and the geographical distribution of OTUs
according to tree-based clustering suggest that
An. annulipes s.l. is composed of a similar number of
northern and southern species. Thermal, or some
other latitude-dependent adaptation, may have had
an important role in speciation and the subsequent
distribution of the An. annulipes complex. Foley, Rus­
sell & Bryan (2004) noted that north Australian Ochle­
rotatus notoscriptus (Skuse) also possessed unique
slow mobility alleles of Gpi.

The identity ofsome specimens was suspected based
on reports of the geographical distribution of chromo­
somally identified forms. In 1977, C. A. Green (unpubl.
data) identified sp. A, sp. B, sp. C, and sp. D from sites
throughout Australia based on chromosomes. Booth,
Green & Bryan (1987) showed a distribution map of
chromosomally identified species for Australia (Booth
et al., 1987: fig. 3). Anopheles annulipes sp. A or sp. G
were suspected from Griffith and Hanwood, NSW
based on the allozyme study of Foley & Bryan (1991a).
From the chromosomal identity and distribution of

K = 15 clusters, the tentative identification of species
is: An. annulipes sp. A = cluster 3, sp. a = 8, sp. C =13,
sp. 0=1, sp. E=15, sp. F=7, sp. G=2, and Mat­
aranka chromotype =12. The distribution of the 20
clusters identified by the STRUCTURE analysis and
the matching of clusters with chromosomal types
reported in the present study is largely concordant
with the reported distribution of these types, although
important differences occur. C. A. Green (unpubl.
data) and Booth & Bryan (1986) reported sp. A from
the type locality (TAS) but we found only one cluster
(18) in 15 specimens from four sites in TAS, which did
not match sp. A (clusters 10 and or 14). Further sam­
pling within TAS may reveal the presence of more sib­
ling species.

Liehne (1991) states that An. annulipes sp. D is
found in northern WA. Specimens from Alice Springs,
NT that conformed to his description of this species
were included in the molecular phylogeny of Foley
et al. (1998). However, the allozyme cluster that is
most common in northern WA was not found in Alice
Springs. It is possible that An. annulipes sp. D occurs
in Alice Springs but was not sampled in the present
study or that the specimen used by Foley et al. (1998)
was another, as yet undetermined, species.

From the distribution of clusters, the syntypes from
Sydney could have included sp. C, sp. E, and cluster
18. Although the localities of the other syntypes
(i.e. Adelaide River, NT and Irvinebank, QLD) were
not sampled, specimens from nearby sites indicate
that a number of clusters are candidates. Inferences
about the identity of types will be problematic, espe­
cially for the Sydney specimens, due to the amount of
environmental modification at the site and lack of
details about the Sydney and Tasmanian locations.

The predicted distribution of each ofK =15 clusters
did not extend to New Guinea despite the presence of
An. annulipes s.l. there. It is likely that An. annulipes
s.l. in New Guinea consists of sibling species that were
not sampled in this study. The presence of sp. C on
Lord Howe Island is likely to be the result of an intro­
duction from populations from coastal NSW.

The ecological niche modelling conducted in the
present study was an attempt to gain insight into
gross differences in the potential distribution of sib­
ling species ofAn. annulipes s.1., and not to comprise a
definitive prediction of distribution. A better assess­
ment of potential distribution will require greater
sampling, preferably of molecular-typed specimens,
and a statistical treatment of the reliability of distri­
bution models, as is available in the modelling proce­
dure Genetic Algorithm for Rule Set Prediction
(Stockwell & Noble, 1992) available in the DESKTOP
GARP software.

Anopheles annulipes s.l. is the most important vec­
tor ofmyxomatosis in many areas ofAustralia (Fenner

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007,91,523-539



SPECIES-RICHNESS OF THE ANNULIPES COMPLEX 535

& Ratcliffe, 1965; Parer & Korn, 1989), and the
possibility of more than one biological form of
An. annulipes has been suggested to explain geo­
graphical differences in the ability of the myxoma
virus to control rabbits (Fenner & Ratcliffe, 1965).
Although an epidemiological assessment of the role in
myxomatosis transmission of the different sibling spe­
cies will have to wait a more detailed survey, some pre­
liminary observations can be made. Lee, Clinton &
O'Gower (1954) noted that An. annulipes s.l. from
river tlats at Merbein, VIC predominantly fed on rab­
bits despite the rabbit population having been deci­
mated by myxomatosis. As Merbein is near Mildura,
VIC where An. annulipes sp. A was identified, it is
likely that this species was among those surveyed by
Lee et al. (1954). Fenner & Ratcliffe (1965) matched
the presence of An. annulipes s.l. with an epizootic of
myzomatosis at Yarram, VIC and, according to our
study An. annulipes sp. E occurred close to this site.

Additional cryptic species may await detection. For
example, although a form of annulipes with a black
proboscis is known (e.g. An. musivus), such specimens
may have been omitted from our sample as they could
be confused with other species of the subgenus Cellia.
Missing data and genotyping errors are likely to have
contributed to the complexity of the data set, which
could have affected estimates of species number. For
example, although critical side-by-side comparisons of
bands (i.e. line-ups; Richardson et al., 1986) are pos­
sible with the electrophoresis system used in the
present study (Foley, 1990), the number of line-ups
was limited by the amount of sample that could be
obtained from one mosquito. For the input to STRUC­
TURE, 10.8% ofdata were missing. However, despite a
higher level of missing values, D. H. Foley (unpubl.
data) was able to reveal the correct species composi­
tion of the An. punctulatus group, suggesting that the
Bayesian approach is robust and reliable. The low
branch support and the presence of tied trees found in
the present study indicate that alternative topologies
exist, but the approximate agreement in species num·
ber estimated by model and different tree-based
approaches suggests that this estimate is relatively
unaffected by branch instability.

Recently, molecular markers have replaced aUoz­
ymes for population and species studies. However, the
Bayesian approach used in the present study offers a
new and powerful way for analysing multilocus geno­
type data, including DNA-based and allozyme data.
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APPENDIX

Table At. Allelic composition and numbers of specimens in 47 clusters of Anopheles annulipes s.l. comprising operational taxonomic units that exhibit less than
15% fixed differences from one another (Got·I, Hk·I, Hk;2 and Hk·3 not shown due to lack of variability)
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